The early reported pseudo-first-order reaction kinetics of the polymer-supported metallic nanocatalysts for the model reaction of p-nitrophenol (p-NP)/NaBH 4 were probably oversimplified. Here a detailed study of p-NP reduction by NaBH 4 in the presence of the raspberry-like poly(allylamine hydrochloride)-modified polymer poly(glycidyl methacrylate) composite sub-microspheres with tunable gold nanoparticles (PGMA@PAH@AuNPs) was presented. Effects of polyelectrolyte concentration, the ratio of polymer spheres to gold nanoparticles, and the solution pH value for composite synthesis on the induction period, reaction time, average reaction rate and average turnover frequency were systematically investigated. Experimental results in all cases of our study revealed an n th order (n > 1) of the p-NP/NaBH 4 catalytic reaction by the prepared polymer composite particles. The apparent order of reaction, n, is dependent on the total surface area of the coated gold nanoparticles on the polymer spheres, which can be closely correlated with the tunable gold nanoparticle surface coverage. The mechanism of the observed catalytic activity enhancement was proposed based on active epoxy groups of the polymer spheres and a large adsorption of p-nitrophenolate anions onto the positively-charged spheres.
Introduction
Catalytic reduction of p-nitrophenol by borohydride ions (BH 4 À )
in the presence of a metal catalyst has become one of the model reactions for evaluating the catalytic activity of noble metallic nanoparticles. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the reaction is thermodynamically feasible, it is kinetically restricted in the absence of a catalyst because the kinetic barrier between the mutually repelling negative ions p-NP and BH 4 À is very high. 13 According to the traditional theory about the catalytic reduction of p-NP by metallic nanoparticles, electron transfer takes place from BH 4 À to p-NP through adsorption of reactant molecules onto the metallic nanoparticle surface. Metallic nanoparticles relay electrons to complete the redox reaction. The adsorption of reactant ions onto the particle surface contributes to overcoming the kinetic barrier of the reaction. Previous work demonstrated this model reaction is (pseudo-) rst order in the concentration of p-NP (C A ) when an excess of sodium borohydride is used. 1, 5, 7, 8, 11, 12 The rate of consumption of p-NP, r t , was oen dened as, r t ¼ ÀdC A /dt ¼ k app C A ¼ kSC A , where k app refers to the apparent rate constant, k is the normalized rate constant with respect to the surface area (S) available on the nanoparticles responsible for catalytic activity. The correlation of Ln(C A /C A0 ) versus the reduction time t was estimated to be linear. However a deviation from the (pseudo-) rst-order kinetics can be found if the published data are carefully studied. [7] [8] [9] [10] Some research work has already pointed out that the rst-order kinetics could be changed by the metallic nanoparticle's supporting materials.
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Metal nanoparticles are important catalysts for oil rening and petrochemical industries, energy conversion and vehicle exhaust gas removal, since they can catalyze many important transformations including oxidation of hydrocarbons, C-C cross coupling, electron-transfer reaction, and hydrogenationdehydrogenation. [17] [18] [19] [20] [21] Research into noble metal nanoparticles as the catalyst has remained an active topic. However, their high surface energy due to the large surface-to-volume ratio and high collision frequency associated with their greater mobility cause serious stability problems, such as a tendency to aggregate, changes in shape and damage to their surface states during catalytic reactions, and eventual loss of their initial activity and selectivity. Therefore, it is necessary to load the noble metal nanoparticles onto the surface of supporting materials since such formed catalysts possess the advantages offered by the characteristics of heterogeneous catalysis (recovery and recyclability), and those of homogeneous catalysis (relatively low catalyst loadings and good selectivity). Recently in our research group, a new type of gold nanoparticle-coated composite sphere, based on chemically reactive poly(glycidyl methacrylate) (PGMA) colloids at sub-micrometer scale was successfully prepared in a raspberry-like fashion by an easy and facile controlled assembly method. 22 These composites exhibited excellent catalytic activity, stability and recyclability. The catalytic activity of the composites was evaluated based on the catalytic reduction of p-NP with an excess amount of sodium borohydride (NaBH 4 ). In the kinetic studies of the as-prepared composite catalyst, we found that the catalytic reduction of p-nitrophenol by metallic nanoparticles coated on PGMA spheres does not obey the rst-order reaction law, in which the reaction rate does not depend linearly on the concentration of p-NP. The redox reaction kinetics of the model system p-NP/ NaBH 4 was changed probably by the supporting substrates, PGMA polymer spheres, which is worthwhile to be further investigated.
Here systematic kinetic studies were performed by reduction of p-NP with NaBH 4 in the presence of raspberry-like PGMA@ PAH@AuNP composites with different gold nanoparticle surface coverage, which could be tuned by the polyelectrolyte poly(allylamine hydrochloride) (PAH) concentration, the ratio of PGMA spheres to gold nanoparticles, and the solution pH value for the composite synthesis. The acquired kinetic data revealed an excellent catalytic activity of the synthesized composite catalysts. The mechanism for the enhancement in the catalytic activity was proposed based on active epoxy groups and positive electric charge of the modied PGMA spheres. The surfacecontrolled reaction was modeled following a monomolecular mechanism and Langmuir-Freundlich isotherm. The n th -order (n > 1) kinetic equation was obtained which was used to quantitatively t the curves of time-dependent p-NP concentrations. The apparent reaction order, n, was correlated with the surface coverage of gold nanoparticles coated on the PGMA spheres.
Experimental section

Preparation of PAH-modied PGMA sub-microspheres (PGMA@PAH)
The PGMA@PAH sub-microspheres were synthesized in a way similar to our previous work. 22 Briey, 15 mL of inhibitor-free glycidyl methacrylate (GMA) ($97.0%, Sigma-Aldrich, St Louis, MO, USA) was mixed in 150 mL of Nanopure water purged with N 2 by stirring vigorously at 1200 rpm for 30 min at room temperature. The mixture was reuxed and heated to 90 C following the dropwise addition of 10mL of (5% w/v) of potassium persulfate (KPS) (99+%, Sigma-Aldrich, St Louis, MO, USA). To avoid stripping of the monomer from the reaction mixture, the ow of nitrogen can be decreased through the nitrogen tank pressure regulator. The stirring rate of 1200 rpm and the temperature of 90 C were kept constant until the end of the reaction. Aer 2 h of polymerization, the reaction mixture was stopped by bubbling oxygen for 30 min. Upon the completion of the reaction, the product was allowed to cool and dialyzed in a Cellulose Ester Dialysis membrane (MWCO 3500-5000 D, Spectrum Laboratory, Inc, Rancho Dominguez, CA) for 24 h and centrifuged at 5000 rpm (Eppendorf centrifuge 5804, VWR International, Radnor, PA, USA) for 30 min. Aer three successive centrifugation/wash cycles with Nanopure water, a certain amount of puried PGMA was obtained before 10 mL of it was mixed with 1 mL poly(allylamine hydrochloride) at different concentrations (M w 15 000, Sigma-Aldrich, St Louis, MO, USA). The mixture was further dialyzed in a Cellulose Ester Dialysis membrane (MWCO 20 000 D) for 24 h to remove the non-adsorbed PAH. The PAH-modied PGMA cores were separated from the supernatant by centrifugation for 30 min at 5000 rpm followed by cleaning with 11 mL Nanopure water. The PGMA@PAH mixture was obtained aer three centrifugation/ cleaning cycles and stored in a refrigerator prior to use.
Formation of raspberry-like PGMA@PAH@AuNP composites
Gold nanoparticles (AuNPs) (12 AE 3 nm) were prepared by reduction of HAuCl 4 $3H 2 O using trisodium citrate that acts as a reductant according to the Turkevich method. 23 All glasswares were cleaned in aqua regia solution for 30 min prior to use. In a typical procedure, 250 mL of 1 mM HAuCl 4 $3H 2 O was brought to boiling on a IKAÒ RCT DIGITAL Basic Magnetic Hot Plate Stirrer (Chemglass Life Sciences, Vineland, NJ, USA). Under 500 rpm stirring, 25 mL of 38.3 mM of trisodium citrate was added. The reaction was allowed to run until the solution reached a ruby/red color and cooled to room temperature. A certain required amount of PGMA@PAH dispersion solution was suspended in 3 mL pristine as-synthesized AuNP solution for saturated adsorption of AuNPs through interactions between AuNPs and PGMA@PAH with opposite charges to form PGMA@PAH@AuNP composites in a raspberry-like fashion. To study the pH effect on the gold nanoparticle coverage, the PGMA@PAH dispersion solution was prepared by combining 10 mL of puried PGMA spheres with 1 mL of 0.5% (w/v) PAH solution followed by three centrifugation/wash cycles. The centrifuged PGMA@PAH sphere precipitates were then dispersed in 11 mL Nanopure water with different pHs (pH ¼ 3, 7 and 11). The raspberry-like PGMA@PAH@AuNP composites were formed by adding 60 mL of PGMA@PAH dispersion to 3 mL of the as-synthesized AuNP solution. All samples were mixed by gentle shaking at around 1000 rpm for 30 min on a SH 2000 Finemixer shaker (Daigger, Vernon Hills, IL, USA). The PGMA@PAH@AuNP composites were collected aer centrifugation and re-dispersed in Nanopure water.
Catalytic activity
The catalytic reactions were conducted by mixing 1.25 mL p-nitrophenol aqueous solution (0.1 mM) with 0.5 mL freshly prepared NaBH 4 aqueous solution (0.1 M) in a 3 mL quartz cuvette under continuous stirring at 295 K. Subsequently, 0.4 mL of PGMA@PAH@AuNP composites were injected to the above reaction mixture to start the reduction. The reduction in the optical absorption peak of p-NP was determined from the UV-vis spectrum using a UV-vis spectrophotometer. The kinetics of the reaction was studied by following the optical absorption peak of p-NP at 400 nm with 2 second intervals using Agilent UV-vis Biochemical Analysis Soware. To study the effect of PAH, at which the composite was prepared, on the catalytic activity of the composite particles, the composites were prepared at pH 7 with the xed ratio of PGMA@PAH to AuNPs of 1 : 75 (v/v) at different PAH concentrations. In addition, to determine the effect of pH for the systems of PGMA@PA-H@AuNPs on the catalytic activity of composites, the composite particles were prepared with a xed PAH-modied (0.5% w/v) ratio of PGMA@PAH to AuNPs of 1 : 200 (v/v), and to investigate the effect of the volume ratio of PGMA to AuNPs on the catalytic activity of composites, the catalysts were prepared at pH 7 with 0.1% PAH (w/v) by varying the amount of PGMA@PAH while keeping the volume of AuNPs constant.
Characterization
A JEM-1400 transmission electron microscope (TEM) (JEOL, Peabody, MA, USA) at an accelerating voltage of 120 kV and a JEOL JEM2100F high-resolution analytical transmission electron microscope (HRTEM) (JEOL, Peabody, MA, USA) at an accelerating voltage of 200 kV were used to characterize the size and morphology of the raspberry-like particles. All samples were prepared by placing 50 mL of the sample solution on a carbon lm coated copper grid (Electron Microscope Sciences, Hateld, PA, USA) upon drying at room temperature. All UV-vis spectra were recorded using an Agilent 8453 UV-visible diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Results and discussion
Catalytic activity test
The catalytic reduction of 0.125 mmol p-nitrophenol to p-aminophenol (p-AP) in the presence of an excess amount of NaBH 4 was chosen to investigate the catalytic activity of PGMA@PA-H@AuNP composites with mild stirring at ambient conditions. As shown in Fig. 1a , PGMA spheres with a diameter of 484 nm were coated with gold nanoparticles of 12 AE 3 nm in diameter in a raspberry-like fashion. The crystallinity of the gold nanoparticles was checked by high-resolution TEM (the inset in Fig. 1a ). The lattice plane spacing was 0.204 nm, which was indexed to the (200) plane of the face-centered-cubic (fcc) crystal structure of gold. The progress of the reaction was monitored by UV-Vis spectroscopy with 2 second interval. Fig. 1b shows the typical UV-vis spectra of absorbance change of p-nitrophenol in the presence of NaBH 4 and PGMA@ PAH@AuNP composites. Without addition of PGMA@ PAH@AuNP composites, it was observed that the plasmon absorption band of p-nitrophenol (l max ¼ 317 nm) is red shied to 400 nm, which is ascribed to the formation of p-nitrophenolate ions under alkaline conditions by the introduction of NaBH 4 , as is indicated by the color change from light yellow to dark yellow aer addition of NaBH 4 . The intensity of the peak remained unaltered at 400 nm with time, which signied that no reduction occurred. However, in the presence of PGMA@ PAH@AuNP composites, the dark yellow color of p-nitrophenol solution vanished quickly, indicated by the fast intensity decrease in the absorbance of 400 nm. Concomitantly, a new peak appeared at 300 nm, and increased with reduction time, which is assigned to p-aminophenol, conrming the reduction p-NP to p-AP. It is worth mentioning that the loss of isosbestic points in Fig. 1b is due to gas bubbles of H 2 formed during the reaction. The black line shows that the reaction did not happen when no PGMA@PAH@AuNP composites were added. Aer introduction of PGMA@PAH@AuNP composites, the presence of gas bubbles shied the UV-vis spectra to approximately 0.17 a.u. in absorbance as shown in Fig. 1b .
24 Fig. 1c shows the realtime changes in the absorbance of both the reactant p-NP and the product p-AP in the case of composite particles containing 4.4357 Â 10 À12 mol of AuNPs and 0.1494 mg of PGMA. There is no change in the absorbance of p-NP within the rst 6 s, which we dene as the induction period (t 0 ). During this period, the composites do not seem to participate in the reduction reaction, and the catalysis reaction is paralyzed until the induction period is nished. Aer induction period, the reduction starts and the absorbance of p-nitrophenol decreases at a fast speed. Aer 20 seconds, the reduction of p-nitrophenol goes through a maximum, then the extinction of absorbance of p-NP becomes slower. Finally the absorbance levels off, which indicates the end of the reduction reaction. The overall reaction proceeds within 128 s. Fig. 1d shows the plot of Ln(C A /C A0 ) (C A : the concentration of p-NP at the reaction time t, which does not include t 0 , C A0 : the original concentration of p-NP at 0 s) as a function of reduction time t for p-nitrophenol. A non-linear relationship between Ln(C A /C A0 ) and reduction time t clearly shows that the reduction of p-NP by our raspberry-like PGMA@PAH@AuNP composites does not follow a rst-order reaction mechanism. In earlier reports, p-NP reduction using noble metal nanoparticles was shown to be pseudo-rst-order in the presence of homogeneous 25, 26 and heterogeneous catalysts. [27] [28] [29] [30] [31] [32] [33] However, in all cases of our study, a deviation from the pseudo-rst-order kinetics was observed. Therefore, we propose that the reaction follows the n th -order-reaction mechanism (n > 1). The kinetic parameters for p-NP reduction were obtained by best tting the curve C A vs. t, which will be discussed below.
Kinetic modeling
With an excess of BH 4 À , the catalytic reduction reaction occurred at the surface of catalytic nanoparticles following a monomolecular mechanism.
The reactant A ( p-NP) interacted with the active sites on the catalyst surface C (the PGMA@PAH@AuNP composite) to form the adsorbed species AC, which underwent reaction to form the nal product P ( p-AP). The reaction rate r t is dependent on the fraction of catalyst surfaces covered by the substrate, q A , as described by the Langmuir-Freundlich isotherm.
K A is the adsorption constant of the p-NP, m is the exponent related to the heterogeneity of the sorbent. 34 Combining eqn (2) and (3), the reaction rate can be expressed as follows:
where n refers to the apparent order of reaction with respect to the p-NP, and k app can be dened as:
When n s 1, the denite integration of the differential equation (eqn (4)) yields eqn (5), where C A0 is the initial concentration of the reactant p-NP.
Importantly, eqn (5) can be used to quantitatively t the curve C A vs. t data, then the apparent reaction order, n, and the apparent rate constant, k app , can be obtained.
Effect of PAH on the composite catalytic activity
Our previous studies have demonstrated that the amount of gold nanoparticle coverage on polymer spheres is related to the morphology of polyelectrolyte chains on the PGMA spheres.
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At low concentration of PAH polyelectrolyte, the negatively charged PGMA spheres compensate the positively charged PAH polyelectrolyte, leaving PGMA@PAH more neutralized, therefore, fewer negatively charged AuNPs are captured upon mixing PGMA@PAH with AuNPs. With the increase of PAH concentration, more AuNPs will be adsorbed on PGMA@PAH spheres. However, with a further increase of PAH concentration, the surface coverage of gold nanoparticles is decreased due to the pearl necklace structure of PAH chains with low surface charge density. Table 1 shows a similar result that the amount of AuNP coverage increases rst in the range of 0.1-1% (w/v) PAH concentrations with a maximum gold nanoparticle coating at 0.75% (w/v) PAH concentration, and then decreases. The rate of reduction is directly proportional to the available surface area responsible for catalysis and the amount of catalyst. 35 This assumption could be explained that a more vacant surface area of the catalyst available for electron transfer to take place, and more chances of diffusion of reactant molecules onto the AuNP surface lead to the higher catalytic efficiency. As shown in Table 1 , the overall p-NP reduction reaction completed in 82 s in the case of 0.75% (w/v) PAH with the highest average reaction rate of 1 turnover efficiency (TOF) respectively. The catalytic activity can also be conrmed by the apparent order of reaction, n and the apparent rate constant, k app , for the reduction reaction. By tting the time dependence of the p-NP concentration curves using eqn (5) derived from the kinetic modeling, the apparent order of reaction, n, and the apparent rate constant, k app , were obtained (Fig. 2b) Table 1 ). Another observation is that the induction period, t 0 , is also changed with the PAH concentration (the inset in Fig. 2a) . The timescale on the order of seconds for t 0 (5 to 24 s) may be caused by processes related to a substrate-induced surface reconstruction that is necessary to render the particles an active catalyst. . However, the average TOF is almost quadrupled from 140.1 to 674.8 mol mol À1 s À1 when the volume ratio of PGMA spheres to AuNPs is increased from 0.5 : 200 to 2 : 200. Reactants are vying for the available reactive sites on the surface of gold nanoparticles to form the surface-bound species until the reduction starts. If more reactive sites are vacant, more reactants are free to attach, the reaction will be expedited greatly. As discussed above, the reduction occurred only aer the induction period t 0 . The t 0 is increased from 2 s to 22 s when the volume ratio of PGMA to AuNPs decreased from 2 : 200 to 0.5 : 200 (the inset in Fig. 3a) , which can be related to the a R ave is dened by the initial moles of p-NP over the overall reaction time. b TOF ave is the average turnover frequency dened by the ratio of mole of p-NP per mole of AuNPs per second when p-NP reached full (100%) conversion. c n is dened by the apparent order of reaction. d k app is dened by the apparent rate constant. catalysis-induced surface restructuring. 36 The enhancement in catalytic activity is further proved by the apparent order of reaction, n and the apparent reaction rate, k app . Both n and k app increase with increasing the volume ratio of PGMA to AuNPs. The n for the composites with the volume ratio of PGMA to gold nanoparticles of 2 : 200 is 4.3, while the n is 1.6 for the composites with the volume ratio of PGMA to gold nanoparticles of 0.5 : 200. The apparent reaction constant is increasing exponentially as the volume ratio of PGMA to gold nanoparticles is increased. The k app for the composites with the volume ratio of PGMA to gold nanoparticles 2 : 200 is 2.46 Â 10 3 M À3.31 s À1 , which is 1783 times larger than that with the volume ratio of PGMA to gold nanoparticles of 1 : 200, and more than 100 000 times larger than that with the volume ratio of PGMA to gold nanoparticles of 0.5 : 200 (Table 2) .
Effect of pH value on the composite catalytic activity
For the model reaction p-nitrophenol/NaBH 4 reduction, the reaction pH should be maintained at alkaline conditions to ensure the formation of p-nitrophenolate ions with the plasmon absorption band at 400 nm. Therefore it is not meaningful to investigate the pH effect of the reduction reaction system on the composite catalytic activity. However, the AuNP surface coverage is dependent on the solution pH value when synthesizing the PGMA@PAH@AuNP composites, which can further change composite catalytic activity, so it is necessary to investigate the effect of pH for the synthesis of composite particles, not for the pnitrophenol reduction reaction environment, on the composite catalytic activity. Here surface conformation transition from coil to globule through pearl-necklace structures can result in reduced interaction of gold nanoparticles with PAH-modied PGMA spheres when the solution pH is increased. 22 The results are summarized in Table 3 which suggest the following: the reduction time increases with increasing pH value in composite solution. The average reaction rates and average TOFs decrease with increasing the solution pH value, indicating lower catalytic activity for composites at high pH values. The inset graph in Fig. 4a presents the analysis of induction time for composites obtained in different pH solutions. The results suggest that induction time is relying on the AuNP coverage amount of composites. By measuring the catalytic activity of composites prepared at different pHs, the apparent order of reaction, and apparent rate constant were determined by tting the time dependence of concentration of the p-NP curve with eqn (5) from kinetic modeling (Fig. 4b) . The apparent order of reaction, n and k app , both decrease with an increasing pH in the range of 3-11. At the pH of 3, the model reaction p-NP/NaBH 4 catalyzed by the asprepared composite particles follows the 7 
Relationship between n and coated AuNP coverage
Previous analysis suggested that the reaction rate is related to the apparent reaction order, n. The activity of the coated gold nanoparticles as a catalyst is determined by the availability of surface on gold atoms with low coordination numbers and an associated electron density. 37 Increasing the specic surface area of the coated gold nanoparticles will increase the amount of active gold atoms, which will increase the activity of the catalyst, nally leading to a higher reaction rate. In the following the relationship between the apparent order of the reduction reaction and the coated gold nanoparticle coverage amount will be discussed. In Fig. 5 we plotted n for all data above-mentioned as a function of the coated AuNP coverage amount. In general, an increase in AuNP coverage amount on composites leads to an increase in the apparent order of reaction, n. Under all experiments studied, the highest apparent reaction order of 7 th for the reduction reaction was obtained at the gold nanoparticle coverage of 9.7619 Â 10 À12 moles. The greater the gold nanoparticle coverage on the modied PGMA sphere, the more active the gold atoms become, and the more reactive sites are available. A greater AuNP coverage also correlates with more AuNP/PGMA interfaces, which serve as reservoirs supplying a large number of enriched electrons, facilitating electron transfer to the adsorbed reactant p-NP. 
Mechanism of catalytic activity enhancement
The as-prepared composite catalyst with enhanced catalytic activity can be attributed to the active epoxy groups of the PGMA spheres and a large adsorption of p-nitrophenol anion reactants onto the positively-charged PAH-modied PGMA spheres (seen in Scheme 1). Borohydride ions are adsorbed onto the surface of gold nanoparticles to react and transfer electrons to the gold nanoparticle surface. The carbons in the epoxy groups are very reactive electrophiles, so epoxy groups of the PGMA spheres have a tendency to attract electrons and act as electron acceptors. Thus charge distribution occurs between the gold nanoparticles and PGMA spheres. Therefore, electrons leave the gold nanoparticles and end up with an electronenriched region at the interface of gold nanoparticles and PGMA spheres. Meanwhile, the p-nitrophenolate anion reactants can be easily adsorbed onto the positively charged PAHmodied PGMA spheres due to electrostatic interactions. The existence of the surplus electrons added to the PGMA spheres facilitates the uptake of electrons by the adsorbed p-nitrophenol molecules, which leads to the reduction of p-nitrophenol into the p-aminophenol products. Detachment of the product p-aminophenol creates a free surface and the catalytic cycle can start again. 
Conclusions
A detailed kinetic study of the model catalytic reduction reaction p-nitrophenol/sodium borohydride on the PGMA@PA-H@AuNP composite particles has been conducted. Experimental data show a non-(pseudo-)rst-order mechanism for the studied reaction system, based on the fact of the nonlinear relationship between Ln(C A /C A0 ) and reduction time t.
The n th -order kinetic equation (n > 1) was obtained by a simple surface-controlled catalytic modeling, which was used to t the time-dependent p-nitrophenol concentration change curves. The results indicate the reaction order number is closely correlated with the surface coverage amount of the coated gold nanoparticles on the modied polymer spheres. The catalytic activity of the as-prepared composite particles was enhanced by the supporting materials containing functional epoxy groups and positive electric charges. More importantly, such an enhanced reaction activity could be tuned specically via the surface modier PAH concentration, the volume ratio of the polymer spheres to gold nanoparticles, and the solution pH values for the composite synthesis. Last but not least, a shorter induction period (t 0 < 30 s) was found on the model reaction as well, which could be ascribed to the catalytic-induced reconstruction of the surface of the heterogeneous composite catalyst.
